


becco's rririrnun* ewenfci medium (DKCM) in tho 
prasenca or pniywonfi (ft nfl/rnl) as tobed (4 

Goto warn waahtad twice in ptwsphats buttefWl saline 
(PBS) resWDflftfod tah ™d" m . and <^ urBli tu f 
;j to" 4 days. Transduced cells were tested for tho 
maw ftf fteifw rfius and ery<W5#ved urn use. 

36 BM n ononudear C611& wfcrfi Obtains A3 a FiCflfl vtt- 
' lion Eincf qrrjwn tor 2 tn 3 days h complete DMEM at 

adendty'otex Iff'to* ' ^ wii3/cm"^) Tnnii 
rioflttrtJon ana progenitor cell erirlorinwjni wars ob 
lairwdas dabbed [a 3fl|. Gerwiransto waa carried 

out by multiple infection uydW wflh CM ti&>, rwipff 
virus I99t^ vW ajfwnntanta in the pnm of 
polyene [6 (igAift BM cells were mpinraned I in 
a \L tsrffl Sim fiyiuom over a* ereiu latere with- 
out adrirtiori of axuafinaufi growth IMtOA. flrtrt ^OCX- 
9d during th9 Hrflt S ^ of return. Tranaducaii calls 

wc re tested for the Drewnw ol helper virus enci w 
/,iitM(i until use, w mat tlnw. the tranBdiced cells 
wnro washed, raBuapmdad in rtfrrt* saline certain 
inq 4% humeri *lhumin, and rninfusnd into the patient 
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ducad rails was obtained by comparing the precur- 
sor frwiuflney h tho obuwicB and presence on U4in 
(800 igrml). GilS-resiBtont f cril ntonca worn iso- 
lated and maintained as described (4* 45)- 
10 Tha ralativB frwiuBnctes ol Itansducsd BM progen- 
itor cell* wore obtainod by comparing the * r ^^" 
cy of CFU-ti, CFU-OM. BR I C. nnd CFU-GEMM 
<aia in the obMnco and prwenos of irwtejjnfl 
dows of cm 18 p.7. i .0. 1 .a mgwll as clescriDed 
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T Lymphocyte-Directed Gene Thanm r for ^ ADA" 
SCIO: Initial Trial Results After 4 Years 

R, Michael Blaese,* Kenneth W. Culver A Ou^ Miller, 
Charles S. Carter, Thomas Fleisher, Mario CtencM 
Gene Shearer, Lauren Chang, Yawen Chiang Paul Tolstoshev, 
Jay J. Greenblatt, Steven A. Rosenberg, Harvey Kle.n 

perfected, it is concluded here that gene fc«nr ^* ^ 4 5^!S WO ' 
Krtnmt far some patient, with thi* $ever^ immunodeficiency dluau. 



4 Tho decision n> enter cliniciiL trials iiwaitiJ 
the Ji2Vt!h>pmcni of safe mul cfflcicnr tech- 
niques vif &rw triin.i(cr nnd imjirovwi uft- 

4 olo«y umlCTlyiw likely ciinJiJatu illsoasus 
nnJ wn?cr cl-)1s Thw nvlvcin of useful rctro- 
vinil vuctors that runnitud tcltitivuly ht K h 
cfficiLMKy ^itiii transfer -tnd stahlo inr^ya- 

« tiDn wius a critical advance ( / JX lis was ihc 
dcmowmitlon that this procedure itf rciu- 
transfer awl J k effectively -and sifcly vi^d 

in Immune (3). 
4 Severe auuhined iiunuimweficiency 

siKimJnry to ri «cncric Jcfccr in rhc purine 

aitiiUJit cnsyaic udent^ine Jeaittifmse 

[AHA SC:in| is clwrtcrcrlttil hy detective 

T utid R cell fiinctum itnd recurrent infi'x- 

rkxis. often invi»lvin« opruiminlsric parhtv 

«mvs. Litrjzc Hiittmiits "f dvoxyudclvwitlv, »m 

A OA nuKsmuc, ".we presenr in these pa- 



rtenw; deoxy^lencvsino is preferentially con- 
verted to the toxic compound dcoxyadc- 
nosine triphnsphnrc in T cells, disabling the 
iiiuminc systeiu (4). 

IVcrtu^ fhiri disease is curable by ullowe- 
neic bone in:irrow rransplanfiniun ^iven 
wirhour prcrransplantation cyturcducuve 
conditiotim^ ii ^ mi»n ll y ^^tmed th.it 
tfene rher^py should he directed at the hone 
marrow stem cell. However, initial attempts 
ni twe stem cell «cnc min*fer in priiwtc* 
resulted m only U>w-levcL twnsienr pene 
cxpfCftuim, inefficient for clinical use. Tl\e 
observation thai the only dimor cells de- 
tected in siime pnricnts "cured 1 ' hy alloge- 
neic hone marrow transpl on Union w«s their 
T coIIa— the others remaining ADA-defi- 
ciem (J)— rabwJ the piwsihility that T cell- 
directed «ene rherary ^ 11 usc ^' 

treatment. 

Tlie inrmduerion oi enrymo replace- 
ment with AOA-amtainintf eryihrncyTcs 



(6) or with hovine AHA conjugated with 
polyethylene glycol (PECj-ADA) (7) hn» 
made thin nrpnHidi fcas.Mc FF,0-AOA 
provided ntnicuwrivc, life-snvinK treatment 
for ADA SC1D patientii; with this trent- 
ment, \v<n pntienrs have experienced 
weight Bain and dccrcHsed tmptircuniKiie m- 
fcctiofiN- Pull immune recomrimrion h;is 
heen ks* reaubirly achieved widi enzyme 
therapy. T cell function w meaMired by in 
virro mitogen responses improved in mc«ii 
patients, hut fewer pmienrs recover! con- 
sistent immune responaen to specific anti- 
Ifur instance, as measured by normal 
delayed-type hypersensitivity (HTH) skin 
test reaetivityl (fl-10). Nearly all I'fcti- 
AnA-treared patients showed increased 
peripheral T cell counts, which provided a 
source of T cells tor K cne correction not 
avnilahle witbma enzyme thvwy. Kurther- 
mure, enzyme twatinent couLd he eontiiuied 
duritw the «ene therapy Lrinl no that thv 
ethical dilemma of withholding or stopping 
a life-saving therapy to test vin unknown 
iruument cuuld he avoided, 

The adenosine dcjminfeise complemen- 
tary ON A (cONA) (ID is I.? kh and fits 
within a retroviral vectnr. With the u&c uf 
nn AOA-containiny retroviral vector, 
ADA-defieient T cell lines were transduced 
to express normul amounts nf A0A; this 
rendered them normally resistant to iniox- 
ifiuum and u ttiwtn inhibition when ehal- 
len«ed with deoxyadenof.ine (12, IS)* 
Next, studies in mice, rabbits, and iionhu- 
man primates u-siUM T cells modified with 
retroviral vectors showed norma! cell sur- 
vival and function after their rdnlroduc- 
tion Into rccipienr animals (J4>, Finally* 
EkirdiKnun and collea W ueii (J 5) shiwcJ thai 
AOA uene-corrcctcd T cells acquired a 
survival advantii^e compared with uncor- 
rected AOA-deficicnt cells when trans- 
planted into iuuiumodet'iuent, hut AOA- 
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Pig. 1. Peripheral Wood T cell counts 
sincg the toe Ihe diagnosis of ADA 
deficiency was made, dates of treat- 
ments, and the total number of cells 
infused for each patient. ADA level Is 
measured in nanomoles of adenosine 
deaminase) per minute per 10 B cells. 
Vertical bars indicate the dates of cell 
infufrion, and their height represents the 
total number of nonselected cells in- 
fused at each treatment. The T cell 
numbers represent total CD3-bearing 
T celts determined by standard flow cy- 
tometric analysis. (A) Patient 1 began 

genetherapy on H September 1990 (protocol day 0) and receVed a total of 
?1 infusions Cellular ADA enzyme level is indicated by the dashed imAM 
activity was determined as described (13, 25). Values shown ar B the mean of 
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duplicate samples and represent EHNA-sensitivs ADA enzyme activity. [B) 
Patient 2 began gene therapy on 31 January 1»i (protocol day 0) and 
received of a total of 1 2 infusions. 



normal RNX reunion mice. 

The clinical protocol useJ here has been 
described elsewhere (16). Patients with 
documented ADA" SCID were ell^iHc \\ 
they did not have a human lymphocyte 
antigen-matched Sibling m a potential do- 
nor for marrow tTfinjplnntfltion arul if they 
had been treated with PEG-AOA for at 
km 9 months without full immune rccon- 
tfitution. T cells were obtained from their 
blood by apheresto, induced ro proliferate in 
culture, transduced with the ADA Terrovi- 
fid vector LASN, culture-expanded, and 
then reinfused into the patient after ¥ t" 12 
days (17). No selection procedure was used 
to enrich for j^ne- transited cells. 

The clinical histories and AHA &ck mu- 
tation* of each pnriciir have Ween ported 
(18 ,19). Piirinnr. J presented with infection at 
2 days of age and had recurrent infections and 
very poor growth until 2ft months of hrc, 
when rhe diagnositi of ADA deficiency was 
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ustHhlishcd and she wn» strnttsJ on PEG-ADA 
130 U per kilogram of budy weight per week 
( 50 U/kfi/week)]. Treatment with PEG- AHA 
enzyme for approximately 2 yc.ira hnd resulted 
hi significant, but incomplete, benefit. With 
PEG-ADA she gained weight, had fewer in- 
fections, and transiently developed * normal 
peripheral Mood T cell count (fy. 1A), and 
her T cells hod ncquitei the siHIity to respond 
ro miuijpna in vitro. Howevur, significant 
Untwine deficiency periled, including recur- 
rence "f her T lymphopenia (R«. 1A)» l?TH 
skin test anerfiy (TaW« 1 ), duprossed in vitro 
immune reactivity to specific anti«Kns nuch as 
tetanus toxoid, fiiihire to ^ncrarc iHtfmul cy- 
totoxic T cells to viml wnrifterw or allogeneic 
cells, defcerive immunoHlobulin production 
und absent or wenk flnttbody icsrvnscs to 
several vaccine antigen*, vind borderline iso- 
heiiiagftlutinin rlrcrs (Table 1). Ar 4 ywrs of 
ajre, she WiW enrolled in this triul. 

The course of dfeefee in puticnt 2 (who 
was 9 V*-'^rs old when enrolled in the trial) 
wtt mildct than that seen in classic SC^ID 
She IW her fim serious iiifettioa \\t 
ape 3, and septic nrthritis tit «kc 5; rhe 
dirt^no,VLs was finnlly cabiHishcd at a^c 6 
when ^^nititant lymphopenia with AHA 
deficiency was confirmed. This patient hud 
an excellent Initial improvement in periph- 
eral T cell mimber> after r.he start vi PEG- 
ADA therapy (30 U/kfi/week) -,it 5 k hut 
lymphopenia recurred in the third and 
fourth years of enzyme treatment (Fir. IB). 
During the year before f:ene therapy, repeat- 
ed cvaluflti<m irfhcr immune system showed 
penUring immumxlci\cictu:y, but less se- 
vere thiin that in pattern I . Despite 4 years 
irf enzyme treatment, OTH nktn tc*C rctK- 
tivtty was absent (Tahle 1), cytotoxic T 
cells tu vir.il notions and idloseneic cells 
were deficient, and ifiohcmt^^^ 1 ^ wcre 
borcly detectable. However, illustrating the 
variability Weft in the ropnases of patient 2 
over tunc, hlotxi lymphocytes that were 
cryoprcscrved fwm the dny the clinical trial 
hearth and tested later showed normal cyto- 
toxic activity to allogeneic chIIk. 

Within 5 to 6 memtb rfkpnnlnK yene 
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therapy, rhe peripheral blood T cell count* 
for patient 1 (Ft* I A) rapidly increased in 
number ;md stabilized in the normal ran.^c 
and btwe rcimilned normal since thuc time 
(20). A OA enzyme ucriviry, nearly nnde- 
tectuble in her Wood lymphocytes initially, 
pronrcssively increiwed in concenrrarion 
during rhe first 2 year* of treatment to reach 
n level roughly half the concentrvuion 
found in heterozygous cbttIbts (expressing 
only one intact ADA allele) and has re- 

Tabte 1. DTH skin tsst r^ctivtty end isoriemag- 
gluthln titers in sera of each patient ai various 
times during the treatment protocol. Skin tast& 
were applied as Multitest (Pasteur Merieux, Lyon, 
France] and scored according to the manufactur- 
er's instructions 48 to 72 hours after being placed. 
Seven antigens were placed on rhe dates indicat- 
ed although enly five were technically satisfactory 
on d3y 1252 for patient 1 and on day 1118 for 
patient 2. Isohemagglutinin titers were determined 
by standard blood bank technique? (34), Ninety 
five percent of normal children over the age of 2 
yearB will have a titer ot > 1 1 1 6 and 62% will have 
a titer =1 :32 (35), ND, not done. For the DTH sWn 
teats, positive tests were elicited; T, tetanus tox- 
oid; D, diphtheria toxoid: C, Candida albicans] P, 
Proteus antigen; S, fttreptococcal antigen: OT, old 
tuberculin, 
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xroiincd lit thnr level since (Fig. 1 A). Thus, 
Mh the reconstituted numher of peripheral 

* blood T cells and the elevated T cell ADA 
enzyme concentration have persisted since 
the patient's last treatment, indicating that 
peripheral T colls con have an unexpectedly 

* lonv life-span and thot kkiic expression 
from the retroviral vector has nut heen 
silenced over this period. 

Patient 2, who h^J variable immune re- 

* aetiviry before enrollment, responded to the 
institution of lymphocyte infusions, with 
her peripheral T cell count rapidly increas- 
ing to levels in the hi^h normal range {FIr 
1R>. HcginninK with infusion 5, which In- 
cluded pfinuMil modification* to partially 
deplete CDtt cells from the initially cul- 
tured cell population (2J ) f her T coll count 

* fell inc" the mid-normal range, where ii 
persisted throughout the treatment period 
und for a year after the List cell infusion. In 
contrast to those in patient 1, ADA enzyme 

m level* in the circulating T cells of patient 2 
did not rise. stgnifLc±intly above the anvil 
amount* seen before gene therapy treat- 
ment (-1.5 nnuiVlfl* cells per minute). 

* The difference* in final lymphocyte ADA 
concentration are consistent with the levels <>f 
gene trantfer reached in these patients. For 
several months in the second protocol year 

* during which cull infusions were not given, 
LASN vector sequences detected by poly- 
merase chain renttion (PGR) maintained a 
Stable frequency in the peripheral Hoixl of 

4 patient 1 at a Level urcatcr tlian the PCR- 
pnfiiriVHi control standard containing the 
equivalent of 0.3 vector copies/cell (Fig. 2). 
By contrast, although vrewr-containins tells 
\ were uku stahly detected throughout a similar 
period in ptuicnt 2, their level reached only a 
value equivalent to 0.1 to 1.0% of her circu- 
lfltirm cells carrying the inserted ADA vector. 

, The principal contributor to the differ- 
ence in the final frequency of LASN vec- 
tor-modified T Cells in patients 1 and 2 was 
the low gene tranter efficiency in the cells 

i of patient 2; this vm umsistently only a 
tenth or let* of what was routinely achieved 

Fig. 2. PGR evaluation Of the frequency o! LASN 
i vector-positive cells in the blood of patients 1 and 
2 at various protocol days. (A) Cells from patient 1 
for protocol days (D) 304 to 591 (see Fig. 1A). PCR 
analysis was performed as described (26) in an 
4 ethidium-stained gel (B) Cells from patient 2 for 
protocol days (D) 333 to 501 (sea Fig. IB). PCR 
products were probed with ^P-labeled mo gene 
as described (26). (C) Purified CD4* and CDS 
cell subpapulaticns from patient 1 (D148Q) and 
A patient 2 (D1 198) prepared by separation of pe- 
riphof^i blood mononuclear cells (PBMCs) oy ftu- 
oreecence-activated cell sorting (FACS). The pu- 
rity of the separated T ceil subpoputations from 



in the ceils from patient I. Despite the gnws 
differences in the final proportion t>t" vector- 
containing cells reached In these two pa- 
tients, both CM on J CDfl T cell popula- 
tions from each huve remained consistently 
positive for integrated vector sequence* 
since the first infusion through protocol day 
1480 for patient 1 ;ind through protocol duy 
11 98 tot patient 2 (Fig. 2). 

To more accurately measure the propor- 
tion of vector-containing celk in patient 1, 
we performed quantitative Southern (UNA) 
hybridation analysis for vector sequence on 
DNA isolated from her peripheral Wood T 
cells at different days during the course of 
this protocol. On protocol days 816 and 
12$2 S which represent samples taken 109 
and 545 days after the last treatment, the 
vector concentration was at the level of 
•approximately one vector copy per cell (Fi«. 
3)* Longitudinal studies of samples obtained 
throughout the study shuw that rhis hr(»c 
amount of integrated vector was reached by 
infusion ft (1)707) and that it has remained 
in this range since that rime (22). 

Th c use of a restriction cndimuckase that 
cuu only once within the vector sequence 
does not Rive detectable handa (Fig. 3), indi- 
cating that the population of blood T cells at 
tl*i$* dates is not olipockirml with respect to 
integrated vector. Vector-derived mRNA 
ws» readily detected by reverse conscription 
<RT)-PCR at the* same times (Fig. 3), con- 
firming that vector expression persisted and 
wns correlated with the presence of ADA 
enzyme activity in her circulating T cells. 

T<i evaluate the effect of gene therapy on 
the immune function of these two patients in 
addition to its heneficinl effect on T cell 
numbers, we performed u panel of immuno- 
logic studies Kith before, and at various times 
after, treatment. DTH skin test reactivity to 
common environmental and vaccine antigens 
tests the overall competence of the cellular 
immune system because a response depends 
on rh* full complement of cellular functions, 
not just cell proliferation or secretion of a 
single cytokine (Table 1). Patient 1 was an- 



cruic before our protocol treatment despite 
nearly 2 years of FEU-ADA treatment- Eight 
months after the initiation of germ therapy 
(protocol day 251), she had a brisk DTH 
response to n single intradermal skin test with 
tetanus toxoid. By protocol day 435, DTH 
responses ro five of fcven antigens were 
present, and this increased responsiveness has 
persisted, through duy 1252. 

Before the protocol, patient 2 had no 
positive DTH akin teat (Table I). At pro- 
tocol day 101, five positive UTli skin teat* 
were elicited, ond this increased DTH reac- 
tivity had persisted when she was last tested 
on day 1118. She also Acquired palpable 
lymph nodes and visible tonsils during the 
period of protocol treatment. 

To corroborate the improved immune 
function indicated by these DTH teaw, we 
evaluated the capacity of peripheral T cell* 
from out patients to produce iuterlcukin-2 
(IL-2) or to kill antigenic target cells hi 
vim>, In Hcveral patients treated with PEG- 
ADA, in vitro T cell proliferative responses 
to mitogens may normalize, whereas respons- 
es to »}^ecific antigens are le-as improved (7- 
10). During PEG-ADA treatment before 
gene therapy, T celk horn patient i pm- 
duced IL-2 in response to stimulation with 
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rity of tneseparatea i cbii syopopuiaiiuna nwfi' ^^201^^ 
which DNA was extracted exceeded 88%, as confirmed by FACS anarysis^pirset PGR w^JW 
M^p^ateL psrform^cl as described (27). StandBrds (STD) W6« prepaid from DNA 
Ed from cdi mixtures of a known proportion of LASN -transduced COlia conta,n.ng a stngle vector 
insert mixed with vsctor-negative cs«s. C, vector-negate control cells. 
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Fig. a. Quantltstive Southern hybridization analy- 
sis of DNA prepared from the blood mononuclear 
cells Of patient 1 on protocol days (D) 816" and 
1252 (2fl). DNA digested with Set I ehOuld yiald a 
single restriction fragment of 3,1 kb containing 
both the vector neo and ADA g*nes. Eco RI cuts 
only ones within the vector sequence, and there- 
for© a detectable band would indicate that a pre- 
dominant clone with a Single unique vector integra- 
tion site was present in thai Wood sample. None 
was detected. Polyadenylated mRNAwas extract- 
ed from ths patient cells on days 0, 816, and 1252 
and analyzed for vector message by RT-PCR (20). 
The primer locations used are indicated aa short 
solid lines above the vector diagram. SV, SV4Q 
early promoter; (A),,, polyadenyiation site; ex- 
tended retrovirus packaging signal. Hatched re- 
gions indicate protein coding regions. 
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Fig, 4. Evaluation oi the in vitro cel- 
lular immune responses of blood T 
calls from patients 1 and 2 at vari- 
ous times before and oucing the 
gene therapy trial, At least two nor- 
mal subjects were included concur- 
rently in each assay, and only those 
in which iris C0W)le responded 
appropriately are included here. (A) 
Production of IL-2 by cultured cells 
from patient 1 after stimulation with 
the mitogen PHA and wrth the spe- 
cific antigens tetanus toxoid and in- 
fluenza a virus as described (30). 
IL-2 wae quantrtared by birassay 
measuring the proliferation of the 
IL-2-dspendent T cell line CTLL at 
3 1 : 2 dilution of the lymphocyte cul- 
ture supernatant. The fine dashed 
line indicates the patient's T cell 
count for reference. Solid triangles 

along the base line indicate the dates of cell infusion. (B) In vitro killing of a 
rj1 Cr-labeled t influenza A-infected autologous B cell lina and a :,1 Cr- labeled 
allogeneic target B cell line by blood T uellslrom patient 1 as described [31). 
Lysis (as percent specific isotope release during a 6-hour incubation of 
effector and target cells at a ratio of 80 :1> was manured after in vitro 
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pre-stimulation tor 7 days. Solid triangles along the bass line Indicate the 
dates of cell Infusion. {C} In vitro killing of a ^'Cr-labeled, influenza A-in- 
fected autologous B cell and a ^'Cr-labsled allogeneic target 5 cell line by 
blood T cells from patient 2 as described above. 



the mitogen phytohona^lurinin (PHA) 
(Fig, 4A) but were unable to produce IL-l in 
response to stimulation with influenza A 
virus or tetanus toxoid* despite repeated im- 
munization with these antigens. Over the 
first months of gene therapy, IL-2 produc- 
tion improved and became normnl after 1 
your (Fig. 4A). Again before n^ne therapy, 
patient 1'fi T celts failed to show significant 
cytolytic reactivity gainst either allogeneic 
cells or influenza A-infected tiiryet oolls* 
Abrupt mlrrorinK the steady increase in IL-2 
production, the acquired normal in vitro cy- 
tolytic T coll responses to rheso anti(£m 
reach ing normal values in her second year of 
treatment, (Fi«. 4B), 

The. results of these cytolytic assayti for 
patient 2 are shown in Fi£. 4C. Test* done 
120 Jays before the beginning of &ene ther- 
apy fdso showed impaired responses Howev- 
er, cells thai were obtained at the time of the 
first gene therapy infusion, cryo preserved, 
and subsequently rested Some months later 
showed a normal cytolytic response to allo- 
geneic cells. After a year on ^ene therapy, 
cytolytic T coll activity against influents also 
became normal, 

To evaluate the effects of our treatment 
on humoral immune function in these pa- 
tients, we measured antibody responses to 
sevet»l antigens. Despite their PEG-ADA 
treatment, both patients I and 2 had only 
low or borderline titers of iaohemHKglutL- 
nins on repeated testing before gene thera- 
py. Each patient showed significant eleva- 
tion* in the levels of these antibodies with- 
in 90 to [ I 5 days of beginning treatment 
with gene-modified cells (Table 1). Uohe- 
m^lurinins are antlKdic* that react with 
firoup A and R red blood cell antigen* and 
occur ^spontaneously as a result of environ- 
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mental exposure to crass- reacting antigens, 
[^hemagglutinin responses tire, therefore, 
less dependent on the timing of previous 
immunizations than ar$ responses to com- 
mon vaccine antigens. Afrer gene therapy k 
each patient flUo had improvement in an- 
tibody responses to vaccine* to Hcrmr/pMuj 
influewt* l\ (HIB) and tetanus toxoid (Pig, 
5). Wtch enzyme therapy alone, peripheral 
lymphocytes ftom each patient were unable, 
to produce immunoglobulin M (igM) in 
vitro after stimulation with poke weed mi- 
togen (PWM), but made robust responses 
after a year on the gene thmpy protocol 
(Fig. 5 A). Immunoglobulin production to 
PWM depends on T cells; thew results fur- 
ther confirm rhe reconnrinjtion of T cell 
function associated with gene therapy. 

The effects of this treatment on rhe clini- 
cal well-being of these patients h more diffi- 
cult to quHntltnte. Patient 1, who had been 
kept in relative isolation in her home for her 
first 4 yearsj was enrolled in public kindergar- 
ten after 1 year on the protocol and has missed 
no mofc Hchool because of inrecrious disease 
than her climates or sSLblin^Si She has grtywn 
normally in height: and weight and is consid- 
ered to be normal by her parents. Patient 2 
was regularly attending public school while 
receiving PEG-ADA treatment alnnc and has 
continued to do well clinically. Chronic si- 
nusitis urtd heaiiches, which had been a ft- 
cLtrrinf! puiblem for several years, cleared 
complcrely a few momha aftef tnitiation of 
the protocol* 

This trial oi retrovirnl-mediated ^ene 
Transfer shows thut the $utvival of teinfused 
traniidtced peripheral blond T celts is pro- 
longed in vivo; the erroneous assumption 
that T cells would not have such long- term 
survival whs often cited as a potential pmh- 
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lem with this treatment Numtciry. Ptitient 1 
has h^d a normal total peripheral T cell • 
ciuit^t since the last cell innmon, imd the 
propijrritm i>f h^r circulating T cells carrying 
vector DNA hits remained stable over thiir 
periixi. Further, expression of the AHA # 
transyene under the influenee of the retro- 
viral lontf terminal repeat (LTR) promoter 
hat> persisted for a long periix.1 in vivo wirh- 
our (jhvuTus extinction. There have been ♦ 
awinp in the level of ADA cmytuc in her 
peripheral lymphocytes throughout the peri- 
od of t>h?ervi)tion» Kit the level of hltvod 
ADA enzyme activity ai 4 years (protOLX)l * 
day 14H0) is equivalent to that found imme- 
ditirely afrer the Inst cell infusion 2 years 
earlier (Fifj. 1A). Although rhe data have 
not yet been completely analysed, bloiv.! oh- * 
mined txft^t 5 years showed continuation of 
this trend with, ntfain, a norma! T lympho- 
cyte count and an equivalent ADA level. 

The mechanism by which our treatment 4. 
aided immune reconatitution in patient 2 is 
less clear. The responses of patient 2 ui *olne 
in vitrei immunolt>^ic tests were variable \\- 
fore hcuinninu our treatment protoc<il, mnj»- * 
iiitf from little or no detectable fv^ponse to 
nearly normal responses on the bLkJ s^mpta 
fn»m the day yene therapy heuan. This patient 
produced » normal antihxly response to im- ^ 
munizHtitm with bacteriophage «pX174 nknit 1 
a year before beginning ^ne thempy (fl). 
Although we have shown several examples of 
depressed cellukt an J humoral immune re- ^ 
spumes that «tronRly improved after pene 
therapy, thiij highly variable immune reactiv- 
ity while patient 2 w« s on PECS-ADA therapy 
idone complicates interpretation of the eon- ^ 
rrihutM) of our therapy. There was a temporal , 
relatu>n between initiation of jjene chempy 
and a normali2t\i puriphcml T cell count, 




Bg ( 5. Humoral immune function of patents 1 and 
2 before (solid bars) and after (hatched bars) 
therapy. (A) IgM production by the patient's periph- 
eral blood mononuclear cells in cultures sttWtateO 
with the T ceB-dependent polyclonal activator 
PWM performed as described (32). "Before" sam- 
ples were from D(-9}. Follow-up cultures were at 
D500 (patient 1) and D560 {patient 2). Ineach case, 
the patient's cells stimulated with the T celHnde- 
pencfcnt a cell stimulant EBV (33) produced normal 
amounts Crf IgM {not shown), indicating intact B cell 
function before and after gene therapy, as expect- 
ed At least twr> normal subjects were Included concurrently in each assay, and only those in when the 
controls responded appropriately ere included here, (BE) Serum antibody response to Hemophttua influm&O 
B Patient 1 had fafled to respond to two immunizations while on PEG-ADA alone [D(-9) shown]. Her 
response at protocol D591 id shown, after immunization. Patient 2 had some HIB-speciflc antibodies 
present before therapy P(-122)| t whose amounts increased without additional immunization during the 
protocol (D56D). (C) Serum tetanus antibody. Patient 1 had negligible response to live separate tetanus 
immunizations before gene therapy P(-4S) Shown] but responded briskly at D731, 24 days after re- 
immunization. Serum titers for patient 2 are Shown tor D(-9), 140 days after immunization while on 
PEG-ADA alone, and after PQCe^ng g$ne therapy (TJ592), 32 days after a booster tetanus immunization. 
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improved ITTH, appearance of tonsils and 
palpable lymph nodes, normalised i^ricma^- 
glutinin response, and improved PWM re- 
sponse, as well as other factors. In view of the 
relatively low level of ADA gene transfer 
achieved in this patient, the potential contri- 
bution of the infusions t^f the culture-activat- 
ed T cells to the patient's response must also 
he considered. Perhaps ex vivo T cell activa- 
tion somehow bypassed a differentiation block 
that PEC-ADA alone wa* unable to relieve. 
Despite the low final perccntaf,* gene transfer 
achieved* & 1% kvel of ADA gene-corrected 
cells could represent ]Q* to 10 i0 ADA-ex- 
prxsHsLn^ T cells distributed throughout the 
body that could readily contribute to immune 
improvement 

Sirica the beginning of the trial, the dose 
of PEG-ADA enzyme Riven to each of our 
patients has been decreased by more rhan half 
(patient l» 14 U/k^week; patient 2, 10U/kg/ 
week), during which time their immune func- 
tion has improved. By Operant, worsened im- 
mune function has hcen seen in other ADA 
SCID patients when their dose of enzyme has 
been similarly reduced (10, 23), We do nnt 
want to expose these patients to the potential 
risk of recurrent immunodeficiency by com* 
pletely stopping PEG-ADA enzyme treatment 
until we have better information about the 
quality and duration of the immune improve- 
ment achieved by this first-generation gene 
therapy trial The role of continued exoge- 
nous enzyme treatment will be clarified here 
or in companion studies Attempting stem cell 
gene correction (24)> 

The aafety of retrovira I -mediated gene 
transfer has been a central concern* At lea&t 
in the short and intermedial term, no 
prubkrttt have appeared in any clinical trial 
using these vectors. In the longer term, the 
theoretical potential for retroviral vector* 
to cause insertions! mutHRcmais remains 
the primary concern. To date, there has 
been no indication that malignancy associ- 



ated with this process will be a complica- 
tion of rcrnwital-mediated gene transfer. 

Our trial here has demonstrated the po- 
tential efficacy of u*in« gene-corrected au- 
tologous cells for treatment of children with 
ADA" SCID. Eleven children with this 
disease have been enrolled in various ijene 
therapy pf OTOCOk each uMryj different strat- 
egies and retroviral vector designs and fo- 
cusing on different target cell populations. 
The experience gained from these ap- 
pmaches should provide guidance tor gene 
therapy as a treatment for this disorder as 
well as for a larger array of inherited and 
acquired diseases. 
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Physical Map and Organization of 
Arabidopsis thatiana Chromosome 4 

Renate Schmidt,* Joanne West, Karina Love, ZoS Lenehan, 
Clare Lister, Helen Thompson, David Bouchez, Caroline Deanf 

A physical map of Arabidopsis thaliana chromosome 4 was constructed In yeast 
artificial chromosome clones arid used to analyze the organization of the chromosome, 
Mapping of the nucleolar organizing region and the centromere integrated the physical 
and cytogenetic maps. Detailed comparison of physical with genetic distances Showed 
that the frequency Of recombination varied substantially, with relative hot and cold 
spots occurring along the whole chromosome. Eight repeated DNA sequence families 
were found in a complex arrangement across the centromeric region and nowhere else 
on the chromosome. 



AjabidHpsis thalum hus bwa itdtifitoti ;i 
iritxkl tnpmiMTi ft">r the analysis uf complex 
plant pftKWWfi by means of imilcculur genet- 
ic techniques ( 1 ). The incro&ao in m^r-h;iHeJ 
doninf; experiments makes the fienenuinn of 
n complete phpkul limp *if the ATahhfopsis 
genome ;i hij?h priority, hi iidditum, the 
11 va liability of such n map would enable the 
nrfpiniziirion of the elirLUiuwome to ho ar\\t\- 
ievi in more deruit. Li trie \x known tihimr tho 
urptnizntion of plunt diroinosomes, htir the 
|;eneTiil picture ia rhrtr of chft^HVutne^ air- 
ryinf; liirflt: numbei-s i»f dispersed [often rvr- 
ft^rat\Up^K'iis (2)} iind tnndemly repeiUeLl 
DNA aequences (3). The rclutivcly «mnll 
< tOO Mb) AtoWAi^sw Rename has a mudi 
smsilltF nitiTihcr of repeated DNA sequences 
thftn do most other plant spedes; its live 
chrottuwome;? eonmin —10% highly repeti- 
tive and M0% UK^rately repetitive ON A 
(4) The dLspersion ot mosl of tlie^seqiienc- 
e* ^nuif^ the l<iw-copv HNA is unknown, 

We diseiws here n phytiienl uuip, which we 
have presented ou the World Wide Weh 
(WWW) at URL hrrp;/Mai(c.nott.ac.uk/JlC- 
a>ntipflK?-conriH*Jinnl, of AraJiidf^w chnv 
mosoiTW 4* one tvt the two chftmio^iiUC* Cur- 
rying nudeolus ornant2in^ regiiKW. The ctm- 
srniciioi; <if this intip ulltTwai us ro analyze the 
frequency of recombination uIoitk the whole 
chmmosonie, tlw integration of the physical 
with the cytogenetic map, the inreritpercion 

R. Schmklt, J. W6&t, K L0iv6, Z. Lenshnn, C. Lister. U 
thompSOrt, C. Dean, Dapartmont pf MolgculsrOeneltca, 

BkjtBchndogy ontf Biologies! Sciencea Research Coun- 
cil. Jchn hneg Centre, Colney, Norwich NFH 7UH, UK. 
D. Boucher Laboratolre d© Biologie C&llulaire, InslitLit 
National 69 In Rdcherche Agronorniquo, 7H02t> Veraailta3 
Cedax. France. 
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Linna-Wog 1C. DSOW, Cologne, GermarTy. 
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put tern of' repeated and low-copy DNA se- 
Liuences over the whole cluoiuow.>me ( and the 
arninuement uf ivrvated DNA sequences over 
the centromere region. 

We generated the physical map by hy- 
hridizinj: pn>he* to four yeast artificial chro- 
mosome (YAC:) lihmriert (5), iwinjj colony 
hybridization experiments (6). The probes 
consoled of 1 12 markers ^cneticully mapped 
k> chft>mivtome 4, 20 previously unmapped 
BotiL% random ^ennmic fra^metus and se- 
Lmenccs flunking tmnsixwable elements, and 
(he W-barie pair (hp) reiKHitive element 
L'iirhed in pALl (7). Southern (UNA) blot * 
analysis of VAC clone* confirmed rhe colony 
hybridization results and revenled common 
restrict i<*n fragment* in the different YAC 
clones hybrid iain^ ro a marker. T\\'\* * 
demonstrated overlap between the inserts of 
the YAC clones On the basis of these 
resuh.% ihc YAC clones could be placed 
into 14 YAC confix with a hitfh decree of * 
redundant YAC etwer, ensuring an accu- 
rate uuip despite rhe presence of' chimeric 
clorte* in ilu; YAC libra rie>. 

We tfenciuted YAC: end fni^met^tSr * 
cither inverse [\ilymeraiie chain reaction 
(iir.R) or plasnud rescue (8), fmin YAC 
clones lyinp; near the ends of well of the 14 
conii&s. The fragments were hyhridized to » 
Southern blots of YAC clone* from adjacent 
comics. In ikidition, YACs i» well as some of 
the end fragments jjenerOkd by NCR* were 
usL'd to ideutify cloned thnn a cm raid library of ► 
the Columbia ccorype Tlie counids wen* 
then u;*ed u^ new markers <m the YAC librar- 
ies. These experiments reduced the number of 
cuntijs to tour. In all hut rwt^ instances, the > 
end fi aKments revealed that the eontip* were 
idr^dy overlapping Expert men U aimeil at 
closing the last rhree flips have been attempt- 
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